A large number of wheat (Triticum aestivum) and barley (Hordeum vulgare) varieties have evolved in agricultural ecosystems since domestication. Because of the large, repetitive genomes of these Triticeae crops, sequence information is limited and molecular differences between modern varieties are poorly understood. To study intraspecies genomic diversity, we compared large genomic sequences at the Lr34 locus of the wheat varieties Chinese Spring, Renan, and Glenlea, and diploid wheat Aegilops tauschii. Additionally, we compared the barley loci Vrs1 and Rym4 of the varieties Morex, Cebada Capa, and Haruna Nijo. Molecular dating showed that the wheat D genome haplotypes diverged only a few thousand years ago, while some barley and Ae. tauschii haplotypes diverged more than 500,000 years ago. This suggests gene flow from wild barley relatives after domestication, whereas this was rare or absent in the D genome of hexaploid wheat. In some segments, the compared haplotypes were very similar to each other, but for two varieties each at the Rym4 and Lr34 loci, sequence conservation showed a breakpoint that separates a highly conserved from a less conserved segment. We interpret this as recombination breakpoints of two ancient haplotypes, indicating that the Triticeae genomes are a heterogeneous and variable mosaic of haplotype fragments. Analysis of insertions and deletions showed that large events caused by transposable element insertions, illegitimate recombination, or unequal crossing over were relatively rare. Most insertions and deletions were small and caused by template slippage in short homopolymers of only a few base pairs in size. Such frequent polymorphisms could be exploited for future molecular marker development.
The Triticeae tribe contains some of the world's most important crops, among them wheat (Triticum aestivum) and barley (Hordeum vulgare). Wheat and barley diverged approximately 11.6 million years ago (MYA) and have further diversified since then into several subspecies (Chalupska et al., 2008) . Modern bread wheat has a hexaploid genome with A, B, and D genomes resulting from hybridization. The first hybridization event combined the genomes of the wild wheat species Triticum urartu (A genome) and a probably extinct close relative of Aegilops speltoides (B genome) into the tetraploid Triticum turgidum subsp. dicoccoides (Feldman, 2001) . Much more recently, approximately 10,000 years ago, a second polyploidization event with the diploid Aegilops tauschii gave rise to hexaploid wheat T. aestivum (Feldman, 2001) . This second hybridization occurred in the early stages of human agriculture. A recent study revealed lower levels of polymorphism in the D genome than in the A and B genomes, indicating that later gene flow from tetraploid to hexaploid species was frequent, while it was very limited between the diploid Ae. tauschii and hexaploid wheat (Chao et al., 2009) .
In contrast to wheat, barley is a diploid species and there is evidence for extensive gene flow from wild to cultivated forms (Pickering and Johnston, 2005) . Since domestication, human selection has produced thousands of wheat and barley varieties adapted to many different environments. Modern breeding lines have complex pedigrees, but there is little or no molecular information about intraspecific diversity at the genome level.
Intraspecific variation at the haplotype level has been studied to varying degrees in different plant species. The most comprehensive data are available for Arabidopsis (Arabidopsis thaliana), in which oligonucleotide resequencing arrays allowed comparison of multiple ecotypes at the whole-genome level (Clark et al., 2007; Zeller et al., 2008) . These studies showed that nucleotide substitutions are irregularly distributed across the genome and that about 4% of genomic sequences were absent in some ecotypes relative to the reference genome. Additionally, regions with almost no sequence diversity were interpreted as results of recent selective sweeps (Clark et al., 2007) . In rice (Oryza sativa), genome-wide comparisons of the subspecies indica and japonica revealed an overall colinearity of genes but reported also numerous polymorphic transposable element (TE) insertions and even differences in gene order and content (Han and Xue, 2003) . Variability has been studied in maize (Zea mays) on a smaller scale, where dramatic differences between lines have been observed (Fu and Dooner, 2002; Brunner et al., 2005) . Both studies showed that not only did the lines differ in the majority of TE insertions but also in their gene content. Some of the differences in genic sequences were shown to result from transposable element activity (Lai et al., 2005; Morgante et al., 2005) .
The high repeat content of more than 80% (Bennett and Smith, 1976) and the large diploid genome size of approximately 5,700 Mb have so far effectively prevented large-scale genomic sequencing of wheat and barley, so that the amount of publicly available genomic sequences is quite limited. At the time this study was done, 416 genomic Triticeae sequences larger than 50 kb were publicly available. Most of them are unfinished bacterial artificial chromosome (BAC) sequences that are not annotated and in which sequencing is still in progress. One study comparing the Rph7 locus of the two barley cultivars Morex and Cebada Capa found numerous TE insertion polymorphisms and concluded that the two loci have diverged roughly within the past 1 million years (Scherrer et al., 2005) . Similarly, for the leaf rust resistance locus Lr10, two haplotypes exist that differ strongly in the presence/absence of genes and that diverged at least 1 MYA (Isidore et al., 2005b) . Additionally, a PCR screen of 26 wheat lines revealed a relatively low average single nucleotide polymorphism (SNP) density of one SNP every 335 bp. However, they were very irregularly distributed among the tested loci . In summary, these data indicate that the Triticeae gene pool is genetically diverse and contains haplotypes that may be older than the actual species.
The studies cited above were focused on genes in the A genome, which, as part of tetraploid wheat, has been part of the polyploid wheat gene pool for a long time. The Lr34 locus, which is described in this study, is located on the D genome. This genome is the most recent addition to hexaploid wheat and therefore shows the lowest degree of polymorphism. Two recent studies showed a surprisingly high level of polymorphism between the D genome of hexaploid wheat and the diploid wheat Ae. tauschii, suggesting that the Ae. tauschii line that was used to produce the respective BAC library had diverged at least 1 MYA from the donor of the D genome (Chantret et al., 2005; Gu et al., 2006) . However, so far, no sequence data are available that would allow a comparison of D genome sequences from within the hexaploid wheat gene pool.
Divergence times of sequences from different species (or varieties) can be estimated based on the number of nucleotide substitutions in intergenic regions. Triticeae species are especially suited for such analyses because of their high TE content. TEs and other intergenic regions are believed to be largely free from selection pressure (Petrov, 2001) and therefore accumulate mutations at a basic rate that was estimated to be 1.3 E-8 per nucleotide site per year (Ma and Bennetzen, 2004) . If a particular TE had inserted in the ancestor of two species (or varieties), their divergence time can be estimated by the number of nucleotide substitutions that have accumulated in that TE. The same principle can also be applied to estimate the age (i.e. insertion time) of long terminal repeat (LTR) retrotransposons (SanMiguel et al., 1998) , because their LTRs are identical at the time of insertion and accumulate mutations to a degree that is proportional to their age.
When sequences diverge over time, they accumulate not only nucleotide substitutions but also insertions and deletions (InDels). In Triticeae, the most prominent source of insertions are TEs, which can change the size and sequence organization of a genomic region dramatically within a relatively short evolutionary time Wicker et al., 2003) . Major DNA losses are caused by unequal homologous crossing over (Shirasu et al., 2000; Vitte and Panaud, 2003) and illegitimate recombination (Devos et al., 2002; Wicker et al., 2003) . While illegitimate recombination can occur between dispersed homologous sequences of only a few base pairs (usually 1-10 bp), unequal crossing-over events require two highly similar stretches of at least dozens, usually hundreds, of base pairs in size. Unequal crossing over can occur between LTRs of retrotransposons (Shirasu et al., 2000; Vitte and Panaud, 2003) but also between any other kind of tandem repeats . It can also increase the size of a genomic region through the expansion of existing tandem repeat arrays or the creation of tandem LTR retrotransposons . Small InDels in low-complexity sequences such as homopolymers or simple sequence repeats (SSRs) are usually caused by template slippage during DNA replication , Lovett, 2004 . Although template slippage can occur also between DNA fragments longer than a few base pairs (Lovett, 2004) , it is generally assumed that larger events are caused by unequal crossing over (Shirasu et al., 2000; Vitte and Panaud, 2003; Ma et al., 2007; Wicker et al., 2007) .
Here, we present a comparative analysis of the levels of intraspecific variation in two barley loci, Vrs1 and Rym4, and the wheat locus Lr34. The Vrs1 locus regulates spike morphology in barley, whereas Rym4 and Lr34 are involved in disease resistance. For the Rym4 and Lr34 loci, we had sequences from three varieties, and for Vrs1, we had sequences from two. Additionally, we analyzed the Lr34 locus in the diploid Ae. tauschii. At two of the studied loci, we found ancient haplotype fragments in the otherwise highly conserved sequences. We identified several major sequence differences that were caused by illegitimate recombination and unequal crossing over. Additionally, we found that template slippage in short homopolymers is the major source of small InDels in closely related sequences.
RESULTS
For our comparative analyses of intraspecific genome variability, we used large genomic sequences from the two barley loci Vrs1 (Komatsuda et al., 2007) and Rym4 Wicker et al., 2005) . For the former, sequences from the varieties Morex and Haruna Nijo were used, while for the latter, sequences from three varieties (Morex, Haruna Nijo, and Cebada Capa) were studied. These three barley varieties have very different breeding histories and pedigrees with probably very little overlap in modern breeding history. Morex is an elite breeding line mostly derived from the North American gene pool (http://genbank. vurv.cz/barley/pedigree/krizeni3.asp?id='1488'). Cebada Capa is an old breeding line from Argentina from around the year 1920 (Grando and Macpherson, 2005) , whereas Haruna Nijo was released from Sapporo Brewery in Japan in 1981 (Saisho et al., 2007) . In wheat, we studied sequences from three varieties, Chinese Spring, Renan, and Glenlea, as well as from the diploid donor of the D genome, Ae. tauschii (accession AL8/78). The three hexaploid wheat lines analyzed originate from very different gene pools: Chinese Spring is an old landrace from China, whereas Glenlea is a Canadian line with a very complex pedigree based on mostly International Maize and Wheat Improvement Center and North American material (http://genbank.vurv.cz/wheat/pedigree/krizeni3. asp?id='19332'). Finally, Renan is a French winter wheat representing elite wheat material with a pedigree mostly based on European lines (http://genbank. vurv.cz/wheat/pedigree/krizeni1_n.asp?oper=Like& name=Renan&acc=name). The sequences from wheat and from the barley varieties Haruna Nijo and Cebada Capa are made public here, to our knowledge, for the first time. The two barley loci contain two putative genes each, while the wheat Lr34 locus contains eight genes (Table I) . The recently published sequence of the Vrs1 locus from the barley variety Morex (Komatsuda et al., 2007) was compared with a completely overlapping 147-kb BAC sequence of the same locus from the barley variety Haruna Nijo. The two sequences are overall very similar to each other, since only 459 nucleotide substitutions were detected (i.e. approximately 3.1 nucleotide substitutions per 1 kb). The SNPs are distributed somewhat irregularly across the sequence; however, at such low numbers even a purely random model distribution shows great fluctuations (Fig. 1A) .
The fact that more than 78% of the compared region is derived from TEs allowed us to precisely estimate the divergence time of the two loci using the method of SanMiguel et al. (1998) . For this estimate, we excluded the Hox-1 gene and a conserved noncoding sequence (CNS-1, identified through comparison with rice; see "Materials and Methods") plus 1 kb of the upstream and downstream regions of both. The remaining 139,760 bp contained 446 substitutions (264 transitions and 182 transversions), which translates into an estimated divergence time of 123,020 6 5,829 years ago, thus much earlier than domestication.
The two sequences contain a total of 61 InDels; 34 of them are deletions in the Morex sequence and 27 are deletions in the Haruna Nijo sequence. The vast majority (54) of them are InDels of 10 bp or less, while large InDels are rare. Thirty-five of them are 1-bp InDels. To get clues to the molecular mechanism that caused the InDels, we analyzed the surrounding sequences of all 61 InDels (Table II) . We found that template slippage is in 49 cases the most frequent cause for InDels in the sequence analyzed. We considered template slippage as the molecular mechanism whenever the inserted/deleted sequence was found duplicated or multiplied in its entirety in the immediately neighboring sequences; for example, when an InDel motif GGA is embedded in a GGA microsatellite sequence (Fig. 1B) . The largest InDel we attributed to template slippage is 14 bp in size. The 14-bp motif is one unit of a tandem array of five and four units in Haruna Nijo and Morex, respectively ( Fig. 1B) . For five InDels ranging in size from 6 to 390 bp, we could identify short direct repeats flanking the breakpoints of the InDels and indicating illegitimate recombination as the molecular mechanism (Fig. 1C ). The most striking differences in size between the two sequences were apparently caused by unequal crossing over. In one large event, the internal domain of an RLC_BARE1 element was eliminated in the Morex sequence (see below). The second event resulted in the presence/ absence of two 70-bp units in a large tandem repeat array ( Fig. 1D ). For four InDels, it is not clear by which mechanism they were caused.
Comparison of Three Barley Varieties at the Rym4 Locus Reveals a Breakpoint between Two Ancient Haplotypes
The three genomic sequences that cover the barley Rym4 locus from the three varieties Morex, Haruna Nijo, and Cebada Capa have a common overlap of approximately 87 kb. This region is highly repetitive and contains only two genes (EIF4E-1 and MCT-1; Table I ), which are located tail to tail immediately adjacent to each other and are surrounded by a large number of transposable elements ( Fig. 1E ). Haruna Nijo and Cebada Capa are very similar to each other in the Rym4 region, as they show only 70 nucleotide substitutions and 28 InDels in a total of 92,305 aligned bases. Twenty-one InDels can be attributed to template slippage in SSRs. For six of them, the mechanism is unclear, and in one case, an unequal crossing-over event led to the expansion of a direct repeat array by two units in Haruna Nijo (Table II) . Excluding the region containing the two genes plus 1 kb of upstream and downstream region, a total of 81,760 bp could be aligned. This fraction contains 69 nucleotide substitutions, corresponding to an estimated divergence time of 32,478 6 3,525 years ago.
The comparison of Morex and Haruna Nijo yielded much more complex results, indicating that the Rym4 locus of Morex is the most divergent of the three. At the level of sequence organization, Morex and Haruna Nijo differ in numerous InDels (Fig. 1E ). The Morex sequence contains eight TEs that are absent in Haruna Nijo, while the latter contains two specific TEs (Fig.  1E ). Three of the additional TEs in Morex are nested in other TEs (Fig. 1E ). There are seven full-length retrotransposons for which the insertion times could be estimated. Only one of them is common to both sequences and was inserted approximately 1.87 MYA. The other six, which are all only present in the Morex sequence, were inserted between 0.87 and 0.05 MYA (Fig. 1E ). These data imply that the two loci diverged sometime between 1.87 and 0.87 MYA, the time span between the youngest retrotransposon common to both and the oldest one that appears in only one variety.
We studied the distribution of nucleotide substitutions between the loci by excising in silico from both sequences those regions (TEs and other InDels) that are present in only one of the two. This resulted in a hypothetical ancestor sequence that contains only those regions that are found in both varieties (Fig.  1E ). Interestingly, SNP frequency in the left part of the sequence is more than five times higher than in the right part. The first approximately 25 kb of the sequence has an average of 23.7 SNPs per 1,000 bp. This value drops abruptly to 4.1 SNPs per 1,000 bp between positions 25,000 and 26,000 and remains at this low level for the rest of the sequence (Fig. 1E ).
We interpret this drop in SNP frequency as the breakpoint of two ancient haplotypes that were recombined in Morex but not in Haruna Nijo. When the TE fractions of the strongly conserved and the less conserved parts were used separately for molecular dating, their estimated divergence times were 159,621 6 10,335 and 927,306 6 39,229 years ago, respectively. Based on these numbers, we developed a model of the evolution of the two varieties ( Fig. 1F ). We propose that two different barley lineages diverged approximately 930,000 years ago, giving rise to the two different haplotypes 1 and 2. This divergence time estimate is based on the number of nucleotide substitutions found in the 25 kb at the left end of the hypothetical ancestor sequence. The lineages giving rise to Haruna Nijo and part of the Morex sequence diverged approximately 160,000 years ago (based on nucleotide substitutions on the right part of the sequence). The lineage leading to Morex later recombined with haplotype 2, resulting in a chimerical sequence that includes regions from both haplotypes. The breakpoint of the recombination event lies 3 to 5 kb upstream of the HvEIF4E-1 gene (Fig. 1E) . The results of the comparison of Morex and Cebada Capa The largest wheat sequence we analyzed has a size of 207 kb, derived from the Lr34 locus of the hexaploid wheat variety Chinese Spring. The sequence contains eight genes, including one conserved noncoding sequence and one pseudogene (CYP-1; Table I ), which was disrupted by the insertion of a DNA transposon of the Harbinger superfamily (Fig. 2) . This sequence was compared with two sequences from the varieties Glenlea and Renan. The Glenlea sequence has a size of 147 kb and covers all of the right part of the Chinese Spring sequence but does not cover the first approximately 60 kb at the left end (Fig. 2) . The Chinese Spring and Glenlea sequences are extremely similar to each other. Neither contains a major insertion or deletion that would clearly distinguish it from the other, and we detected a single nucleotide substitution that was confirmed by resequencing in 146,245 aligned bases. When all gene sequences (plus 1 kb of upstream and downstream regions) were removed from the alignment, 107,182 bp were left for a divergence time estimate. Using this figure, the two sequences were estimated to have diverged roughly within the past 700 years (359 6 359 years). In contrast to the low number of SNPs, a total of 30 InDels were found. Twenty-eight of them are due to template slippage, Figure 2 . Comparison of orthologous Lr34 loci from three hexaploid wheat varieties and Ae. tauschii. A, Aligned maps of the four sequences (colors correspond to those in Fig. 1 ). Gaps in one sequence indicate deletions in that sequence or the insertions of TEs in another. Position of nucleotide substitution between Glenlea and Chinese Spring is indicated as a red vertical bar underneath the Glenlea map. Those between Renan and Chinese Spring is indicated as a blue bars. Genes are numbered underneath the Ae. tauschii map, and their transcriptional orientations are indicated with arrows. a, b, g, and d indicate large InDels. The question mark indicates a gap of unknown size in the Ae. tauschii sequence. B, Density of nucleotide substitutions between Chinese Spring and Ae. tauschii in a 1,000-bp sliding window with 100-bp sliding steps. The regions A through E are discussed in the text. C, Detailed map of a region highly variable between Chinese Spring and Ae. tauschii. Stretches that could be aligned are connected with turquoise and pink areas. one to unequal crossing over, and one has no clear cause.
Renan, at 91 kb, is the shortest sequence that was available. It is completely covered by the Chinese Spring sequence but overlaps in only 42 kb with the sequence of Glenlea ( Fig. 2A) . In total, we could align 81,862 bp between Chinese Spring and Renan and found 13 nucleotide substitutions. The Renan sequence contains four putative genes (total gene space of 27.2 kb, including 1 kb of upstream and downstream sequences). Nine nucleotide substitutions were found in the 54.6 kb of nongenic sequence, translating into a divergence time estimate of 6,339 6 2,113 years ago.
We detected a total of 26 InDels between Renan and Chinese Spring and six InDels between Renan and Glenlea. All except two can be attributed to template slippage. The two other InDels are the products of illegitimate recombination. The main difference is a large 9.8-kb deletion affecting parts of an RLC_Angela retrotransposon plus part of its flanking region. The deletion is present in Glenlea and Chinese Spring, while Renan still contains the 9.8-kb fragment. In this respect, Renan is more similar to Ae. tauschii, which also does not contain that deletion (InDel g, Fig. 2; see  below) . A second, less dramatic difference between Renan and the two other sequences is a 20-bp deletion that is found only in Renan but not in Glenlea and Chinese Spring. These two diagnostic deletions put the Chinese Spring and Glenlea sequences phylogenetically closer together, independent from the divergence time estimates. In summary, the three wheat varieties Chinese Spring, Renan, and Glenlea are overall very similar to one another, although Renan is clearly the most divergent of the three.
Comparison of Hexaploid Wheat and Ae. tauschii Reveals a Complex History of Recombination
The Ae. tauschii sequence has a size of 180 kb and is completely covered by the Chinese Spring sequence. It contains one sequence gap of unknown size in a CACTA transposon of the TAT1 family (Fig. 2) , but the order of the two sequence contigs could be inferred based on the alignment with the Chinese Spring sequence. Ae. tauschii, although overall similar, shows several major differences from the hexaploid wheat sequences. These differences include the insertions of two CACTA transposons and a non-LTR retrotransposon in hexaploid wheat (InDels a and b, Fig. 2A) as well as the absence of a major unequal crossing-over event in an LTR retrotransposon (InDel d; see below). Additionally, as mentioned above, the absence of a large deletion makes it more similar to Renan than to the two other sequences (InDel g).
Interestingly, the Ae. tauschii sequence also shows an uneven distribution of nucleotide substitutions, similar to the barley haplotypes described above: a large region of approximately 80 kb in the left half of the sequence is highly conserved between hexaploid wheat (i.e. Chinese Spring) and Ae. tauschii (Fig. 2B) , as the two species differ in only 87 nucleotide positions. This region includes three of the genes and one non-LTR retrotransposon. However, the situation is more complex than at the barley Rym4 locus and more difficult to interpret. From the SNP density plot (Fig.  2B ), it appears that there are at least three different levels of sequence conservation: a highly conserved region in the left half (region A), a highly variable segment in the middle (region D), and intermediate conservation in the center and the right half of the sequence (regions B and E). We interpret these data as combinations of at least two, maybe three, haplotypes of different ages. The exact breakpoints could not be determined, but one appears to be close to the LRK-1 gene (border between regions A and B, Fig. 2B ). Comparisons of nongenic sequences to the left of that island produced divergence time estimates of roughly 57,000 years ago, while those to the right of it indicated a divergence time of approximately 400,000 to 500,000 years ago. In the right part, more TE insertions and other large InDels can be found, which fits the higher divergence time estimate.
In addition, there is one region (region C) that is so divergent in the two species that sequences could not be aligned reliably. Therefore, this region was excluded from the overall sequence alignment and compared separately (Fig. 2C ). Region C lies between the two LRK genes and has a size of 1,800 bp in Chinese Spring and 2,800 bp in Ae. tauschii. Some parts of region C are conserved between Chinese Spring and Ae. tauschii, although at a lower level of sequence identity. Additionally, it contains several unique fragments that indicate multiple InDel events (Fig. 2C ).
Unequal Crossing-Over Events Occurred Frequently in Both Wheat and Barley and Can Be Reconstructed Precisely through Comparative Analysis
In total, we identified nine unequal crossing-over events that caused differences in the compared sequences. These events must have occurred in the relatively recent evolutionary history, since the divergence of the sequences studied. All detected unequal crossing-over events occurred in non-genic regions. Seven of them affected relatively small arrays of tandem repeats, while two had a major impact on the size of the regions because they occurred between the LTRs of retrotransposons. One of them resulted in a solo-LTR, while the other produced a tandem element: the barley Haruna Nijo sequence at the Vrs1 locus contains a full-length RLC_BARE1 retrotransposon close to its left end, while the Morex sequence contains a solo-LTR at this position. Based on the LTR divergence of the full-length element, we estimated RLC_BARE1 to have inserted at its location approximately 190,000 6 63,000 years ago. The SD is relatively high, as the two LTRs differ in only nine positions. Because the solo-LTR in the Morex sequence is a hybrid of the two LTRs of the full-length element, comparison of specific SNPs al-lowed us to narrow down the putative breakpoint of the unequal crossing over to a stretch of 252 bp (Fig. 3A) .
The tandem element resulting from unequal crossing over was found close to the left end of the region compared between Chinese Spring and Ae. tauschii. A large 14-kb LTR retrotransposon of the Gypsy superfamily was found in its original full-length form in Ae. tauschii, while in Chinese Spring it had undergone an unequal crossing-over event. The unequal homologous recombination occurred between the two LTRs, resulting in a tandem element with three LTRs and two internal domains. Additionally, one unit of the tandem element was subsequently partially deleted (Fig. 3B ).
Transition Rates in CG and CNG Sites Are Evenly Distributed in the Sequences Analyzed
Methylation of cytosine in CG and CNG sites increases the likelihood of spontaneous transitions from C to T (reviewed in Walsh and Xu, 2006) . Because intergenic (i.e. TE) sequences in Triticeae are often methylated , it was possible that some of the strong variation in SNP density is due to mutations in CG and CNG sites. Therefore, we compared the number of transitional base substitutions in CG and CNG sites (Cmet) with the number of transitions in other positions. The ratio TrCmet (Cmet/ total number of transitions) was calculated in sliding windows across the compared sequences. As shown in Figure 4 , we found no evidence for enrichment of Cmet sites in specific TEs in any of the comparisons. This is in contrast to what was described previously . The average TrCmet was very similar in all three comparisons, ranging from 29.6% in the Chinese Spring/Ae. tauschii comparison to 30% in the Morex/Haruna Nijo comparison at the Vrs1 locus. These values are relatively low and within the range of the 33% to 43% previously reported for introns of genes . Two intergenic regions (regions 1 and 3, Fig. 4) showed a low absolute number of SNPs but a high TrCmet ratio. Additionally, two genic sequences (regions 2 and 4, Fig. 4) showed very low TrCmet values.
DISCUSSION
Compared with other plant species such as Arabidopsis or rice, sequence information from Triticeae crops is still very limited. In addition, only relatively few BAC libraries from different varieties are available. The germplasm analyzed in this study represents a broad range of Triticeae species and varieties, allowing for comparisons within diploid and hexaploid species as well as for cross comparison. By including sequences from BAC libraries each from three wheat and barley varieties, we exploited all resources available to date for barley and hexaploid wheat. The D genome of wheat is especially interesting as it shows a low level of diversity and provides a background with low levels of gene flow. In addition, loci on the D genome can be easily compared with sequences from the diploid donor species Ae. tauschii.
The analysis of intergenic sequences proved to be very efficient for understanding the evolutionary history of the loci studied. Since genes are under selection pressure, they do not diverge at a constant rate and cannot be used directly for divergence time estimates. Additionally, genes evolve more slowly and allow for many fewer genomic rearrangements than intergenic sequences. In contrast, TE and other nongenic sequences keep a trace record of all mutations and rearrangements. Therefore, the high repeat content of Triticeae genomes, although an obstacle for sequenc- Figure 3 . Unequal crossing-over events in LTR retrotransposons in barley and wheat. A, Unequal crossing over in a RLC_BARE1 element resulting in a solo-LTR. SNPs by which the two LTRs in the full-length element differ are indicated with vertical bars. The gray areas indicate regions in which the solo-LTR contains SNPs that correspond to either the 5# or the 3# LTR of the full-length element. The 252-bp region in the solo-LTR between the two gray areas is where the unequal crossing over must have occurred. The positions of nondiagnostic SNPs are indicated by asterisks in the solo-LTR sequence. These SNPs probably originated after the divergence of the two varieties. Thus, it is not possible to determine whether they were introduced in the Haruna Nijo or the Morex sequence. B, The RLC_Geneva is present in Ae. tauschii as a regular full-length element. In Chinese Spring, an unequal crossingover event created a tandem element that was later affected by an internal deletion. ing, makes them ideally suited to study the molecular mechanisms of genome evolution.
The extensive stretches of TE sequences allowed very precise estimates of divergence times. However, these have to be considered with caution for two reasons. First, for sequences that differ in only a few base pairs, all SNPs have to be carefully checked either by resequencing or at least by examining the quality of sequences and assembly in the respective positions. For this study, we resequenced the regions of all SNPs between the wheat varieties Chinese Spring, Glenlea, and Renan to exclude the possibility of sequencing errors. Second, because TE sequences are often heavily methylated in Triticeae, an increased mutation rate in CG and CNG sites has to be expected (Walsh and Xu, 2006) . In the regions studied, we did not find any indication for an increased frequency of SNPs in CG and CNG sites in TE sequences. This is in contrast to a previous study that found dramatic differences be-tween TE and genic sequences . Thus, precise divergence time estimates should always include rigorous evaluation of sequence quality and analysis of SNP frequencies in potential DNA methylation sites.
The Triticeae Gene Pool as a Hodgepodge of Ancient Haplotypes
It is amazing that the comparison of only three loci from a few varieties resulted in the identification of multiple haplotypes. Our comparative analysis, therefore, suggests that haplotypes of distant evolutionary origin are common in the Triticeae gene pool. By analyzing SNP frequencies, we found that different parts of the sequences diverged at different time points. The identified haplotype divergences cover a relatively broad time span. Haplotypes 1 and 2 at the barley Vrs1 locus diverged approximately 160,000 and . Distribution of SNPs that were potentially caused by Cys methylation (in CG or CNG sites) in barley and wheat varieties. Graphs and axis units are labeled for the barley Rym4 locus (top) and are analogous for the Vrs1 (middle) and Lr34 (bottom) loci. Genes are indicated as white boxes, while TEs are shaded. Transcriptional orientation of genes is indicated with arrows. A CNS in the Vrs1 locus is indicated with an asterisk. Regions that show especially high or low densities of SNPs in CG or CNG sites are labeled 1 through 4 and referred to in the text. SNP frequencies were calculated in sliding windows of 3,000 bp. 930,000 years ago, while the two haplotype segments identified in Ae. tauschii diverged approximately 50,000 and 500,000 years ago. The ages of the two older haplotypes are comparable to the previously described ancient haplotypes at the wheat Lr10 locus (Isidore et al., 2005b) .
The evolutionary interpretation becomes more complex if the data are evaluated in more detail. For example, we estimated that the Vrs1 sequences of Haruna Nijo and Morex diverged approximately 120,000 years ago, which is significantly different from the 160,000 years ago divergence for the "younger" haplotype at the Rym4 locus. Thus, the sequences of the Vrs1 and Rym4 loci must represent yet again haplotypes that diverged at different points in time. The more divergent part of the Ae. tauschii sequence might also represent several distinct segments, as the SNP distribution along the sequence is very uneven when compared with Chinese Spring. Additionally, the Ae. tauschii sequence contains an extremely divergent DNA segment between the two LRK genes. Because of its short length, this is more likely to be the result of a gene conversion event rather than a double crossing over. It seems that this region was introgressed from yet another, more divergent haplotype or from a different locus in the genome (e.g. a homoeologous locus of the A or B genome). An example of the latter was recently published (Zhang and Dubcovsky, 2008) .
Interestingly, previous studies placed the divergence of the D genome of hexaploid wheat with Ae. tauschii approximately between 550,000 and 900,000 years ago (Chantret et al., 2005; Gu et al., 2006) , indicating the existence of even more divergent haplotypes than those described in this study. Our finding of the younger haplotype that diverged only about 50,000 years ago indicates that the D genome pool has a large genetic diversity.
The level of polymorphism observed between the three wheat varieties is much lower than that between the barley varieties. This is in perfect agreement with the fact that the hybridization event adding the D genome to tetraploid wheat occurred only about 8,000 years ago (Feldman, 2001) , with very little or no gene flow from the wild to the cultivated D genome afterward (Chao et al., 2009) . Indeed, our data indicate that the Lr34 loci of Glenlea and Chinese Spring diverged probably within the past 700 years, clearly after the formation of hexaploid wheat. The Renan Lr34 locus is more diverse and might have diverged in the early stages of agriculture about 6,300 years ago. Interestingly, Renan shares characteristics with Ae. tauschii at the Lr34 locus, such as the absence of a large deletion. This deletion might have occurred less than 6,300 years ago in the lineage leading to Chinese Spring and Glenlea but before their divergence about 700 years ago. Thus, the age of the haplotypes reflects at the molecular level the evolutionary history of the young hexaploid wheat D genome, which is only a few thousand years old. Nevertheless, the haplotypes have clearly distinct sequences, reflecting their origins in lines with highly divergent breeding histories and different gene pools.
In contrast, the barley haplotypes are much older. There are two possible explanations that are not mutually exclusive. It has been hypothesized (Zohary, 1996) that barley domestication was a multiple event. This would result in the presence of distinct, old haplotypes within the gene pool of domesticated barley. Alternatively, the extensive gene flow from the wild barley species Hordeum spontaneum can explain the presence of old haplotypes in cultivated barley as well as in recombined sequences of very different ages. A similar situation with recombined haplotypes is also found at the Lr34 locus of Ae. tauschii.
We conclude that the molecular analysis of intraspecies diversity in wheat and barley at the haplotype level confirms and extends our knowledge of the evolutionary history of these two crop species. Our data demonstrate that divergence time can only be determined for haplotypes or segments of them, but not for varieties. Therefore, we are confronted with an emerging picture of a gene pool that consists of a large number of haplotypes that have frequently recombined in the past. However, these events were not frequent enough to completely homogenize the entire gene pool, instead still allowing for distinct haplotype fragments to be identified.
InDels Are Abundant and Caused by a Variety of Molecular Mechanisms
The intraspecies comparative analyses provided an opportunity to study seven unequal crossing-over events in great detail. For all of them, obvious template sequences such as LTRs of retrotransposons or arrays of tandem repeats could be identified. The two unequal crossing-over events in LTR retrotransposons nicely illustrate the potential of unequal homologous recombination to either expand or contract a region. Solo-LTRs are reported frequently in plants (Shirasu et al., 2000; Vitte and Panaud, 2003; Ma et al., 2007) , but tandem elements appear to be less abundant (Sentry and Smyth, 1989) . It is rare that one has orthologous loci available to study such events in detail.
Five incidents of unequal crossing over affected arrays of tandem repeats. All of these arrays were found either in TEs or in noncoding intergenic sequences. From the available data, we conclude that such tandem arrays frequently expand and contract through unequal crossing over. As it was recently described for Leu-rich repeats of resistance gene analogs , initial pairs of tandem repeats can be caused by illegitimate recombination. Unequal homologous recombination can then lead to a virtual runaway amplification of such repeats, resulting in the observed large arrays of direct repeats. We do not know if these arrays have a biological function. Judging from their occurrence mainly in noncoding DNA, it seems that such arrays are part of the "noise" of genome evolution.
As in previous studies (Shirasu et al., 2000; Wicker et al., 2001; SanMiguel et al., 2002) , TE insertions were found to be the major cause of size increases in the regions studied. A particularly striking example is the expansion of the Rym4 locus in the barley variety Morex by more than 70 kb in less than 1 million years. The wheat Lr34 locus has expanded considerably by the insertion of two TEs within the past 500,000 years. We also identified several deletions that were apparently caused by illegitimate recombination, ranging in size from a few base pairs to almost 10 kb. This supports previous observations that indicated that illegitimate recombination is an important source of major changes in the plant genomes and that it can partially compensate for the expansion of the genome by TE insertions (Devos et al., 2002; Wicker et al., 2003 Wicker et al., , 2007 Ma and Bennetzen, 2006) . SSRs or microsatellites have long been used as molecular markers and are formed by relatively long stretches of dinucleotide, trinucleotide, or tetranucleotide repeats that are polymorphic because of template slippage. Indeed, we also found that most InDels were apparently caused by template slippage, resulting in a short DNA motif being repeated in different numbers between two genomic sequences. Template slippage was by far the most abundant cause of InDels between sequences that diverged only recently (e.g. Glenlea and Chinese Spring). However, two observations were unexpected. First, we found that most of the motifs that were affected by template slippage were relatively short homopolymers (i.e. stretches of only three or four identical nucleotides). This is surprising because it is commonly found that SSRs are only polymorphic if they have a certain length. Second, InDels greatly outnumbered nucleotide substitutions in the Glenlea versus Chinese Spring comparison. This suggests that template slippage is a more frequent source of polymorphism than nucleotide substitution. This finding has implications for the design of highly polymorphic molecular markers for breeding germplasm, particularly for the wheat D genome, with its low degree of polymorphism: a strategy allowing the efficient isolation of short homopolymers (e.g. by resequencing arrays) might result in a very large number of potential molecular markers, as such short motifs are more frequent than the typically used SSRs and SNPs.
CONCLUSION
Although the regions studied in this work might not be fully representative for the whole genomes (e.g. because of a putatively strong selection pressure on these regions involved in disease resistance or spike morphology), there are several possible implications for the future genetic analysis of agronomical traits in Triticeae crops. The finding of recombined haplotypes has to be considered in association with mapping, as single, "haplotype-specific" markers might actually detect different, recombined haplotypes. As we have shown here, comparative analysis allows us to detect such recombined haplotypes. A future, large-scale analysis of haplotypes (including both genic and intergenic regions) in Triticeae gene pools will be greatly supported by the next generation of sequencing technologies, such as 454, Solexa, and oligonucleotide resequencing arrays similar to those used in Arabidopsis (Clark et al., 2007; Zeller et al., 2008) . Such data will provide a basis for genome-wide mapping of intraspecies variability and haplotypes in the Triticeae gene pool, with the ultimate goal of obtaining haplotype maps including both genic and intergenic regions. Such maps could help identify large chromosomal segments containing multiple traits or alleles in specific varieties. An essential requirement for such broad and systematic analyses will be the production of advanced drafts of complete reference genomes for wheat and barley. Two international efforts are currently under way to produce physical maps for the wheat variety Chinese Spring (International Wheat Genome Sequencing Consortium; www. wheatgenome.org) and the barley variety Morex (International Barley Sequencing Consortium; www.public. iastate.edu/~imagefpc/IBSC Webpage/).
We have found that despite a great diversity and great age of the ancient haplotypes, sequence diversity within genes or differences in gene content were minimal. This contrasts with findings in maize, in which a large number of gene fragments distinguished varieties (Fu and Dooner, 2002; Brunner et al., 2005) . This suggests that the gene space is relatively stable in the Triticeae gene pool and that the movement of gene fragments is probably maize specific and not simply a consequence of a large genome size. Therefore, the high phenotypic diversity observed in the wheat and barley gene pools is likely to derive strongly from SNPs in coding and regulatory regions. However, especially in hexaploid wheat, loss of genes might be more frequent because of genomic redundancy between the three subgenomes (Dubcovsky and Dvorak, 2007) , and sample size in this study may be too small to allow a quantitative statement of that phenomenon. In addition, the observed insertion polymorphisms caused by transposons even between closely related haplotypes might have substantial effects on the expression of neighboring genes and contribute significantly to phenotypic variability. 
MATERIALS AND METHODS

Shotgun Sequencing
BAC clones were obtained by screening of publicly available BAC libraries of the respective varieties (Table III) . Identified BACs were confirmed either by Southern-blot hybridization to fingerprint blots obtained after single restriction of BAC DNA or by PCR amplification of specific genic or genomic markers from the corresponding BACs. BAC shotgun sequencing was done on an ABI3730 automated sequencer (Applied Biosystems). Base calling and quality trimming of the sequences were done using PHRED version 0.020425.c (Ewing et al., 1998) , and the initial assembly of BAC sequences was done with the PHRAP assembly engine version 1.080721 (provided by P. Green and available at http://www.phrap.org). Gaps in the BAC sequences were closed by primer walking on shotgun clones or by PCR amplification of fragments from BAC DNA.
Sequence Analysis
For sequence analysis, programs from the EMBOSS package (http:// emboss.sourceforge.net/), ClustalW (Thompson et al., 1994) , and DOTTER (Sonnhammer and Durbin, 1995) were used. In a first step, all known repetitive elements were identified through BLAST (Altschul et al., 1997) against the database for Triticeae repetitive elements (wheat.pw.usda.gov/ ITMI/Repeats) and annotated. The remaining sequence, not annotated, was screened for the presence of putative genes by BLASTX against all rice (Oryza sativa) and Arabidopsis (Arabidopsis thaliana) proteins and BLASTN against all Triticeae ESTs. Conserved noncoding sequences were identified by BLASTN search of the sequences that were still not annotated at that point against the entire The Institute for Genomic Research rice genome (version 5; http://rice. plantbiology.msu.edu/). Identified repetitive elements were submitted to the Triticeae repetitive elements database. Pairwise alignment of large genomic regions was done by aligning a series of 10-kb fragments with the EMBOSS program WATER. The sequences pairs were then concatenated into one contiguous pairwise alignment, and numbers of nucleotide substitutions were determined by an original Perl program. Molecular dating was done according to SanMiguel et al. (1998) , but applying a synonymous substitution rate of 1.3E-8 (Ma and Bennetzen, 2004) . It is important to note that most studies, except those published within the past 2 or 3 years, have used a lower substitution rate of 6.5E-9 (Gaut et al., 1996) , resulting in more ancient divergence times. The results can be easily converted by dividing the divergence times by two. We did so when we cited the following studies (Isidore et al., 2005b; Gu et al., 2006) .
For sequences that differed in only very few base pairs, primers were designed and all regions containing SNPs were resequenced independently.
The sequences described in this study were deposited at GenBank under accession numbers FJ436983, FJ436984 to FJ436986, and FJ477091 to FJ477093.
